In humans and other Old World primates, much of visual cortex comprises a set of retinotopic maps, embedded in a cortical sheet with well known, identifiable folding patterns. However, the relationship between these two prominent cortical variables has not been comprehensively studied. Here, we quantitatively tested this relationship using functional and structural magnetic resonance imaging in monkeys and humans. We found that the vertical meridian of the visual field tends to be represented on gyri (convex folds), whereas the horizontal meridian is preferentially represented in sulci (concave folds), throughout visual cortex in both primate species. This relationship suggests that the retinotopic maps may constrain the pattern of cortical folding during development.
Introduction
During evolution, the primate cerebral cortex has expanded disproportionately, relative to overall brain size. Consequently, the cortical sheet becomes folded, to fit in the limited volume provided by the skull (Welker, 1990) . Inward-bending (concave) folds are called "sulci," and outward-bending (convex) folds are called "gyri." In a given species, the exact geometry of these folding patterns is not random (Sereno and Tootell, 2005; Van Essen, 2007) ; indeed, it is consistent enough so that the major sulci and gyri are named individually (e.g., the calcarine sulcus, the superior temporal sulcus, the fusiform gyrus, etc.).
What determines these consistent folding patterns? Some developmental theories suggest that cortical folding is dictated by the differential growth of cortical layers (Richman et al., 1975) or patterns of subcortical neurogenesis (Kriegstein et al., 2006 ). An alternative theory has been proposed by Van Essen (1997) : the mechanical tension along corticocortical connections is the primary driving force for cortical folding. The tension-based morphogenesis tends to reduce the aggregate length of axonal connections, thereby contributing to the compact wiring of neural circuitry in the brain.
In parallel, several groups have pointed out that the average length of cortical connections is also reduced by mapping adjacent retinotopic values along a common eccentricity value (Chklovskii and Koulakov, 2004; Rajimehr and Tootell, 2007) ; presumably this mechanism underlies the common "mirror symmetry" in retinotopic areas V1, V2, V3, etc., and the "foveal patches" (visual field map clusters) across visual cortex (Wandell et al., 2007) .
Collectively, these ideas suggest that the retinotopic organization may constraint the pattern of cortical folding in parts of visual cortex. Specifically, this hypothesis predicts that the border between adjacent, mirror-symmetric retinotopic areas (typically, the representation of the vertical meridian) would become a gyrus, and remaining regions of the retinotopic map (often including the horizontal meridian representation) would become sulci.
This hypothesis arises quite naturally from well known details of the cortical architecture. In visual cortex, the retinotopic representation of the vertical meridian is unique because the vertical meridian forms the "seam" between left versus right visual hemifields, which project to the right versus left hemispheres of the brain, respectively. Thus, the vertical meridian representation forms a single line across the cortical surface, dividing two adjacent, mirror-symmetric maps of the visual field. Corresponding retinotopic loci in each of these paired maps are strongly interconnected with each other, through short-range axons. However, loci along the vertical meridian are singularity points on the map of mirror-symmetric areas, so they lack these short-range, paired connections (connections from the vertical meridian are instead made via long-range callosal axons to the opposed hemisphere). During the development of cortical folds, relatively higher (and perhaps earlier) tension along these short-range axons would pull the paired retinotopic sites toward one another, resulting in a gyrus along the vertical meridian representation (which exercises less "pull" on its own). By this idea, the horizontal meridian would tend to be driven into sulci as a secondary effect, because the horizontal meridian is furthest away from gyri defined by the vertical meridian. Additional effects may also contribute (see Discussion).
Qualitative support for this idea can be quite striking [see also the study by Van Essen (1997)]. For instance in the macaque, the border between the most highly retinotopic areas (V1 and V2) is a vertical meridian representation that runs along the crown of two different gyri ( Fig. 1) . Within the same areas, and the same range of visual field eccentricities, the horizontal meridian representations lie in and near two different sulci (Fig.  1) . A similar arrangement is found in V1 and V2 of human visual cortex (Fig. 1 ).
Materials and Methods
To test this idea quantitatively throughout retinotopically organized visual cortex, we used functional magnetic resonance imaging (fMRI) to map the retinotopy in two awake macaque monkeys and eight human subjects. These data were analyzed in a cortical surface format, to assess the location of retinotopic maps on gyri and sulci, throughout cerebral cortex. The stimuli were real-life images that were confined to retinotopically specific apertures, presented during fMRI in a blocked design (Rajimehr et al., 2009 ). The retinotopic stimuli included: horizontal meridian (HM) wedges (10°radius; 30°angle), vertical meridian (VM) wedges (10°radius; 60°angle), foveal (Fov) disks (3°diameter), and peripheral (Per) rings (10°inner diameter and 20°o uter diameter). fMRI data were collected using whole-brain echo-planar imaging (1.25 mm isotropic voxels in monkeys; 3.0 mm isotropic voxels in humans) in a 3T horizontal scanner. The monkey scans included an exogenous contrast agent (MION) to increase the contrast/noise ratio (Vanduffel et al., 2001) . Throughout the functional scans, all subjects continuously fixated the center of stimulus screen, and eye position was monitored in monkeys using an infrared pupil tracking system (ISCAN). High-resolution anatomical volumes were also collected from the same subjects. We used FreeSurfer (http:// surfer.nmr.mgh.harvard.edu/) to reconstruct the cortical surfaces and to analyze the functional data. Additional details of the experimental procedures and data analysis are described previously (Rajimehr et al., 2009 ). Figure 2 shows the results of meridian mapping in monkeys and humans. The comparison between horizontal versus vertical meridian stimuli shows alternating representations of horizontal and vertical meridians in visual cortex (Fig. 2 , right panels). For each vertex of the cortical surface mesh, the curvature value (gyrus-sulcus index) and the logarithmic P value for "HM versus VM" contrast were extracted, and then these values were plotted for all vertices of the entire cortex (Fig. 2, left panels) . The curvature value was defined geometrically by averaging two principal curvatures at each vertex. Consistent with our hypothesis, the vertical meridian representations were more often located on gyri, whereas the horizontal meridian representations were mostly located in sulci, throughout primate cerebral cortex. On the contrary, an equivalent analysis for eccentricity mapping ("Fov vs Per" contrast) showed no asymmetry in the representation of fovea and periphery on gyri and sulci (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Results
Statistically, these differences were quite significant. Figure 3A shows the mean curvature (MC) value for HM, VM, Fov, and Per vertices on the cortical surface, as obtained by the weightedaveraging (n, number of vertices; curv, curvature value; P, logarithmic P value), as follows:
Only vertices with significant P values (i.e., P Ͼ 2 or P Ͻ Ϫ2) were included in the MC calculation. The MC values in Figure 3A were based on the averaged data from all monkey and all human hemispheres. This value was positive for HM, indicating a sulcal representation, whereas it was negative for VM, indicating a gyral representation (difference between MC values of HM and VM: p Ͻ 0.0001 in both monkeys and humans, using t test) (see Fig.  3A ). The relationship between meridian mapping and cortical curvature persisted ( p Ͻ 0.001) even when V1 and V2 vertices were excluded from the analysis (Fig. 3B ). This suggests that the "curvature-retinotopy" relationship is a general property throughout retinotopic visual cortex, not limited to the two earliest visual areas. By the same token, this curvature effect in HM and VM nodes was strongest in V1 and progressively weaker in V2 and extrastriate areas (Fig. 3B) ; this is consistent with the well known decrease in retinotopic order per se, from V1 through progressively higher-tier visual cortical areas. There was an overall gyral bias for both Fov and Per, without statistically significant difference between them ( p Ͼ 0.05 in both monkeys and humans, using t test) (Fig. 3A) . This gyral bias may also reflect technical factors (see supplemental Fig. 1 , available at www. jneurosci.org as supplemental material, for details).
Discussion
These findings support our initial prediction/hypothesis. According to the tension-based model of cortical folding (Van Essen, 1997 , 2007 , nearby cortical areas with strong topographic connectivity tend to produce a gyrus (an outward fold) at the areal boundary. The border between most retinotopic areas is a vertical meridian representation; this is always the case when an area has a "hemi-field" representation. As a topological constraint for the mirror-symmetric retinotopic areas, the intervening cortex, located between two adjacent vertical meridian representations, is folded in the opposite direction, forming a sulcus (an inward fold) at the region of horizontal meridian representation. This idea assumes that the areal boundaries and the retinotopic maps are defined earlier than gyral/sulcal folds during cortical development.
In addition, the sulcal representation of the horizontal meridian could optimize mapping in the subset areas with "quarterfield" representation (e.g., in V2 and V3). In these areas, a split of the horizontal meridian representation at the V2/V3 border divides each area into dorsal and ventral halves (representing lower and upper visual quadrants, respectively)-thus causing visuotopically neighboring loci across the horizontal meridian to be separated in the two-dimensional cortical map. However, in three-dimensional space, these loci are closer to each other, due to the formation of sulci along the horizontal meridian representation. In the context of the tension-based cortical morphogenesis, the formation of these sulci would require a strong connection between dorsal and ventral cortex 4 (Figure legend continued.) along the calcarine fissure. Gyral and sulcal cortical folds are shown in light and dark gray, respectively. The scatter plots in the left panels show the relationship between meridian representations and cortical folding in the same hemispheres as shown in the right panels. Each data-point ("ϩ") in the scatter plots corresponds to a vertex in the cortical surface, as reconstructed with FreeSurfer. For each vertex, the curvature value (x-axis) and the logarithmic P value for HM versus VM contrast ( y-axis) were extracted; then, these values were plotted for all vertices of the entire cortex. The curvature values were based on FreeSurfer's curv file (sulcihavepositivevalues,andgyrihavenegativevalues).Verticeswithpositive P values (HM Ͼ VM) are yellow, and vertices with negative P values (HM Ͻ VM) are cyan. at/near the horizontal meridian representation of V2 and V3. In fact, a recent study has provided evidence for this (Jeffs et al., 2009) .
Our data indicate that these effects occur in both monkeys and humans, suggesting a basic role in the formation of cortical folds. Further studies are needed to establish a causal link between the retinotopic organization of visual cortex and the cortical folding development. Cortical folding may also reflect other factors that are yet to be discovered.
